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Simple Summary: The insect epidermis covers multiple parts of the insect body, fulfilling both
structural and protective roles. Primarily composed of chitin and epidermal proteins, the insect
epidermis displays considerable diversity among insects. The CPR family, the largest and most diverse
group of cuticular protein (CP) genes identified to date, plays crucial roles in insect development,
including body length regulation and cuticle formation. Steroid hormones, such as ecdysteroids,
regulate the expression of epidermal proteins. In addition, the insecticide Methoxyfenozide mimics
the action of 20E, thereby affecting insect growth. Our study on Heortia vitessoides Moore elucidates
the role of HvCP3L and offers novel insights into pest management strategies for Aquilaria sinensis
(Lour.) Spreng.

Abstract: Cuticle proteins (CPs) constitute a multifunctional family; however, the physiological role
of Cuticle Protein 3-like (CP3L) in Heortia vitessoides Moore remains largely unclear. In this study, we
cloned the HVCP3L gene from the transcriptional library of Heortia vitessoides Moore. RT-qPCR results
revealed that HvCP3L exhibited high expression levels during the larval stage of Heortia vitessoides
Moore, particularly at the L5D1 stage, observed in both larval and adult heads. Through RNA
interference, we successfully silenced the HvCP3L gene, resulting in a significant reduction in the
survival rate of Heortia vitessoides Moore, with the survival rate from larvae to adults plummeting
to a mere 17.7%, accompanied by phenotypic abnormalities. Additionally, we observed that the
knockdown of HvCP3L led to the inhibition of genes in the chitin pathway. Following exposure
to methoxyfenozide stress, the HvCP3L gene exhibited significant overexpression, coinciding with
phenotypic abnormalities. These findings underscore the pivotal role of HvCP3L in the growth and
development of Heortia vitessoides Moore.

Keywords: Heortia vitessoides Moore; cuticular proteins; RNA interference; chitin pathway;
methoxyfenozide stress; growth and development

1. Introduction

The insect epidermis covers the exterior of the insect body, encompassing the thorax,
foregut, midgut, hindgut, and the inner lining of the trachea. It not only determines the
insect’s physical morphology but also serves as a site for muscle attachment, forming a pro-
tective layer against water loss and pathogen intrusion. Furthermore, pigment deposition
within the epidermis results in a diverse array of colors and patterns, aiding in camouflage
and reducing the risk of predation [1,2]. The primary constituents of the insect epidermis
are chitin and epidermal proteins, which interact to create the Bouligand model, enhancing
the stability of the epidermis’s intricate structure and maintaining its elasticity and other
physical properties [3].
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In 1982, the sequences of four cuticular proteins were obtained from the
Drosophila melanogaster, marking the first discovery of gene sequences encoding cutic-
ular proteins [4]. With the advancement of insect genome sequencing, the genomes of
insects such as Drosophila melanogaster, Anopheles gambiae, Bombyx mori, Apis mellifera, and
Tribolium castaneum have been sequenced successively, leading to the identification of a
large number of cuticular protein genes.

Insects represent a highly diverse group, exhibiting variations in the number and
characteristics of their cuticular proteins, which significantly influence the structure and
properties of the insect cuticle. On average, cuticular proteins account for approximately 1%
of the total protein-coding genes in insects, demonstrating different types and expression
levels across various developmental stages and tissues [5-7].

Annotation of cuticle protein genes reveals significant differences in both the types
and quantities of CPs genes among different species. Among these, the CPR family stands
out as the largest and most diverse group of CPs genes identified to date, characterized by
the presence of the Rebers and Riddiford consensus structure (R&R Consensus). Based on
variations in the type and location of the cuticular layer, the CPR family can be subdivided
into three subfamilies: RR-1 (predominantly found in flexible cuticles), RR-2 (predominantly
found in rigid cuticles), and RR-3 [8,9]. The CPAP family encompasses the chitin-binding
domain ChtBD2 and can be further divided into CPAP1 (containing one ChtBD2 binding
domain) and CPAP3 (containing three ChtBD2 binding domains) [10]. The CPLC family
belongs to the low-complexity protein family, with members including CPLCG containing
glycine, CPLCW containing tryptophan, CPLCP containing proline, and CPLCA containing
alanine, with CPLCW and CPLCG predominantly found in mosquitoes [11-13]. The CPCFC
family’s conserved domain contains the C-X5-C motif, repeated 2-3 times [14]. The CPF
family contains domains composed of 42—44 conserved amino acids, while the CPFL family
shares homology with the CPF family but lacks domains, having only a conserved C-
terminal [15]. The Tweedle family was discovered in Drosophila melanogaster in 2006, named
after the mutant phenotype of one of its members [16]. In 2015, a new cuticular protein
family named the 18aa family was discovered in Manduca sexta [17]. Similarly, in 2016, a
new cuticular protein family was also found in Bombyx mori [18]. However, some cuticular
proteins cannot currently be classified into known families. With the development of
bioinformatics, it is anticipated that more new cuticular protein families will be discovered
in the future.

To date, a significant body of research on the functional roles of insect cuticular protein
genes has demonstrated their crucial involvement in cuticle formation. For instance, in stud-
ies on Drosophila melanogaster body morphology, the absence of the cuticular protein gene
TweedleD1 was found to result in visibly shortened body length in both larvae and pupae,
indicating the participation of such cuticular protein genes in shaping insect body form [16].
Additionally, the loss of the RR-1 type cuticular protein gene BmorCPR2 in Bombyx mori led
to a significant increase in intersegmental folds in larval body segments, restricting cuticle
extension and causing an increase in internal cavity pressure, resulting in conspicuous
protrusions at the end of each larval segment and between segments, ultimately lead-
ing to deformities [19]. Silencing of cuticular protein genes TCPAPI-C, TeCPAP1-H, and
TCPAP1-] in Tribolium castaneum revealed that, although larvae successfully pupated, slow
development from the pupal to adult stage, coupled with incomplete cuticle and elytron
development, ultimately led to complete mortality [10]. In studies on Tribolium castaneum,
silencing of genes TcCPR27 and TcCPR18 resulted in shortened elytra in adults, accompa-
nied by wrinkling, bending, and porous structures, and death approximately one week
after eclosion [20]. In Bactrocera dorsalis, injection of dsRNA targeting four cap3 genes signif-
icantly delayed larval-to-pupal development, with pupation time significantly longer than
the control injection [21]. In Locusta migratoria, the absence of LmCP8 affected the structural
development of the ovipositor, resulting in a large number of unproduced egg capsules
being retained in the locust’s ovaries [22]. These studies collectively demonstrate the crucial
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role of cuticular protein genes in the growth and development of insects. However, the
function of cuticular proteins in Heortia vitessoides Moore remains unclear.

Cuticular protein genes exhibit diverse expression patterns in various tissues and at
different developmental stages, primarily regulated closely by hormones such as ecdys-
teroids, such as 20-hydroxyecdysone (20E). During insect metamorphosis, the structure
and composition of the cuticle undergo drastic changes, and cuticular protein genes, as
essential components of the cuticle, are regulated by insect hormones. Studies on the expres-
sion patterns of cuticular protein genes in Bombyx mori have revealed that most cuticular
protein genes are highly expressed when ecdysteroid titers decrease or are undetectable,
indicating a negative correlation between the expression of cuticular protein genes and
ecdysteroid titers [23]. In the ecdysone signaling pathway, E75 contributes to the promotion
of 20E biosynthesis. Knockdown of E75 in Tribolium castaneum results in the suppression
of TcCPR27, indicating that this cuticular protein gene is positively regulated by the 20E
signal [24]. However, there are also some cuticular protein genes whose expression is
positively correlated with ecdysteroid titers, such as cuticular proteins TmACP20 and
TmACP22 in Tenebrio molitor studies [25,26].

Methoxyfenozide belongs to the hydrazide class of insecticides, acting as an antagonist
of 20-hydroxyecdysone (20E). It accelerates the molting process in larvae, leading to pre-
mature molting, and exhibits high insecticidal activity against Lepidopteran pests [27,28].
Despite its relatively short persistence, methoxyfenozide still demonstrates significant effi-
cacy in pest management. Compared to traditional chemical pesticides, methoxyfenozide
has lower ecological toxicity and higher safety for non-target organisms [29-31]. In this
experiment, we used methoxyfenozide to simulate the exogenous action of 20E, aiming
to investigate its effects on the growth and development of Heortia vitessoides Moore. This
study provides deeper insights into the impact of methoxyfenozide on insects, offering
scientific grounds for further pest management strategies.

Aquilaria sinensis (Lour.) Spreng. (Myrtales: Thymelaeaceae: Aquilaria) is an important
economically valuable evergreen tree [32,33]. However, Heortia vitessoides Moore, as a severe
foliage-feeding pest, has caused long-term damage to Aquilaria sinensis (Lour.) Spreng in
the Chinese agarwood zone, characterized by extensive leaf consumption within a short
period. Interestingly, the sole food source of Heortia vitessoides Moore is Aquilaria sinensis
(Lour.) Spreng [34]. This study employed the RT-qPCR method to assess the specificity of
HvCP3L gene expression at different times and in various tissues. Subsequently, through
RNAI technology, the role of the HvCP3L gene in the growth and development process
of Heortia vitessoides Moore was analyzed, along with its impact on the chitin synthesis
pathway. Additionally, we determined the expression levels of the HvCP3L gene after
methoxyfenozide treatment, further confirming the significance of this gene in insect
growth and development. Through this research, we provide a scientific basis for exploring
molecular biology methods to control Heortia vitessoides Moore.

2. Materials and Methods
2.1. Insects

Heortia vitessoides Moore specimens were collected from Tianluhu Forest Park in
Guangzhou (latitude 23°15’ N, longitude 113°25’ E). Upon bringing the insects back to the
laboratory, they were reared on agarwood leaves in a controlled environment chamber set
at a temperature of (26.0 = 1.0) °C and a humidity of 70% =+ 10%, with a photoperiod of
14 h of light and 10 h of darkness. The rearing protocol followed standard practices. Mature
larvae were transferred to sandy soil boxes with a humidity of 50% =+ 10% to facilitate
pupation and eclosion. Adults were provided with a 7% honey solution for nourishment.

2.2. Sample Preparation

To investigate the expression characteristics of the target gene in different developmen-
tal stages of Heortia vitessoides Moore, we selected 90 L1 larvae (three biological replicates,
with 30 larvae each), 45 L2 larvae (three biological replicates, with 15 larvae each), six larvae
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each of L3, L4, L5D1-L5D4 stages (three biological replicates, with two larvae each), six
pupae, and six adults (three biological replicates, with two individuals each) for analysis.
Additionally, to examine the tissue-specific expression of the target gene, we dissected L5D1
larvae into head, epidermis, fat body, foregut, and hindgut; 1-day-old male and female
adults were dissected into head, thorax, legs, abdomen (classified by sex), and wings.
Furthermore, we selected well-developed larvae of uniform body size from the L4 stage for
RNAI and subsequent stress experiments. All these samples were gently wiped with sterile
cotton balls, rapidly frozen in liquid nitrogen, and stored at —80 °C for subsequent RNA
extraction and cDNA synthesis.

2.3. Sequence Verification and Phylogenetic Analysis

We searched the Heortia vitessoides Moore transcriptome database using the keyword
“cuticular protein 3-like” and identified all single gene clusters annotated as cuticular
protein 3-like. These sequences were subjected to nucleotide (Nucleotide BLAST) and
protein (BLASTx) comparisons on NCBI (https:/ /blast.ncbi.nlm.nih.gov/Blast.cgi (accessed
on 21 May 2023)) to select the most complete sequence of the cuticular protein 3-like gene
in Heortia vitessoides Moore. This sequence was designated as HvCP3L (Accession number:
PP468568). The cDNA sequence of the open reading frame (ORF) of HvCP3L was obtained
using the ORF finder tool (http://www.ncbi.nlm.nih.gov/gorf/gort.html (accessed on
27 May 2023)). Specific primers for amplifying the HvCP3L gene were designed using
Primer Premier 5.0 software (Premier Biosoft International, Palo Alto, CA, USA), and PCR
amplification conditions were set as follows: 98 °C for 3 min; 15 cycles of 98 °C for 20 s,
66 °C for 10 s, and 72 °C for 15 s (with a decrease of 1 °C per cycle); followed by 25 cycles
of 98 °C for 20 s, 52 °C for 10 s, and 72 °C for 15 s, with a final extension at 72 °C for 2 min,
and then held at 12 °C. The amplified product was purified and sequenced to confirm
successful cloning of the target gene.

Furthermore, the EXPASyProtParam tool (http://web.expasy.org/protparam/ (ac-
cessed on 12 June 2023)) was used to predict the isoelectric point and relative molecu-
lar weight of HvCP3L, while the NetNGlyc 1.0 Server (https:/ /services.healthtech.dtu.
dk/services/NetNGlyc-1.0 (accessed on 15 June 2023)) was employed to predict po-
tential transmembrane domains in the protein sequence. The Jpred online software
(http:/ /www.compbio.dundee.ac.uk/jpred/index.html (accessed on 15 June 2023)) was
utilized for secondary structure prediction of the cuticular protein HvCP3L. Amino acid
sequences of cuticular protein 3-like from other insects were retrieved from NCBI, and
a phylogenetic tree was constructed using the neighbor-joining method implemented in
MEGA 7.0 software (MEGA Limited, Auckland, New Zealand).

2.4. RNA Extraction and cDNA Synthesis

Total RNA was extracted from the samples using the Total RNA Kit II (OMEGA).
Subsequently, the concentration of the extracted RNA was measured using an Implen
NanoPhotometer (NanoPhotometer series (Implen, Munich, Germany)). cDNA synthesis
was performed using the PrimeScript™ RT Reagent Kit (TaKaRa, Kusatsu shiga, Japan)
and gDNA Eraser Kit according to the manufacturer’s instructions, and the samples were
stored in a refrigerator at —20 °C for later use.

2.5. Primer Design and Quantitative Real-Time Polymerase Chain Reaction (RT-gPCR)

In the Heortia vitessoides Moore transcriptome database, we obtained the full-length
c¢DNA sequences of genes involved in chitin synthesis pathway: Tre (Trehalase), Hk (Hex-
okinase), GPI (glucose-6-phosphate isomerase), GFAT (glutamine fructose-6-phosphate
aminotransferase), GNA (glucosamine 6-phosphate N-acetyltransferase), UAP (UDP-N-
acetylglucosamine pyrophosphorylase), CHSA (chitin synthase A), CHSB (chitin synthase
B), and CHT (chitinase). Specific primers were designed within the conserved regions
using Primer Premier 5.0 software (Premier Biosoft International, Palo Alto, CA, USA), and
the synthesis of primers was outsourced to Guangzhou TsingkeBiotechnology Co., Ltd.
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(TsingkeBiotechnology Co., Ltd., Guangzhou, China) The primer sequences are shown in

Table 1.

Table 1. Primers used for RT-qPCR and synthesis of dsHvCP3L and dsGFP.

Primer Name Forward (5'-3') Reverse (5'-3') ™ Produ(c;pl;ength

TRE CGCCACTGCTGACTGCTATG GCCTTCGGTCGTCGGTATC 60.0/60.1 249

HK CCAGACCTGCTTATCAATACC GCCGAATAGAAGACCCATC 54.2/54.3 207

GPI CGGGCAGTGGAAAGGGTA TCAGGACTTCGGCTAAATGG 58.9/57.8 173

GFAT CGAGTTGTCGGTTGAAGAATG CGTTGCGGATGCGAGTTA 58.0/58.2 102

GNA TTGGAGGATGTCGTGGTTA ATTCATAGCGTTAGAGTTGCC 54.8/54.4 191

UAP TTCCGAAGTCAACGAAACA AGAAATCTCCTCCAAACCAAT 54.4/54.8 169

CHSA ATTGCCTTTGTATAATACCTGC CCTATCGGACTCTGTCTTGTIT 54.1/53.5 232

CHSB AAGCAACAGCATTCGTCGTG CCGTAGCAATCCGAGTGAAA 59.5/58.7 300

CHT AAGGACGGAAAGACGGGATT TATGGGATGGCGGAGTAGATG  60.1/60.0 170

HvCP3L CTCCGACCCAGCACAACAC CCTCAGCCTTGATTCCATTC 59.0/58.0 220
taatacgactcactatagggCAGTTCTTGT taatacgactcactataggg TTTGGTTT

17+ dsGFP TGAATTAGATG GT CTCCCATGATG 71.5/755 400
taatacgactcactatagege ATACAACTA  taatacgactcactataggeGCTGCTGT

17+ dsHvCP3L "%GAGACCgGgEGAATG i CCACngiAT 7441779 308

B-actin GTGTTCCCCTCTATCGTGG TGTCGTCCCAGTTGGTGAT 57.32/55.11 119

The previously synthesized cDNA templates were diluted to prepare RT-qPCR reaction
templates. Fluorescence quantitative analysis was performed using the LightCycler 480 II
Real-Time PCR System. Three technical replicates were established, with 3-actin used as
the reference gene.

2.6. dsRNA Preparation and Injection

The synthesis of dsSRNA was conducted using the T7 RiboMAXTM Express RNAi
System kit. Primers containing T7 RNA polymerase promoter sequences were synthesized,
and PCR was performed to obtain DNA templates. Subsequently, dsHvCP3L and dsGFP
segments were synthesized. After removing the DNA template, the dsRNA annealing and
single-stranded RNA (ssRNA) were eliminated, followed by purification of the dsRNA.
The purified dsRNA was diluted with nuclease-free water and quantified using an Implen
NanoPhotometer. The dsRNA was diluted to a concentration of 5 ug/uL, and 1 uL was
injected into the dorsal side of the penultimate abdominal segment of each larva using
a microinjection needle. For the control group, dsGFP and DEPC were used at the same
concentration and dosage. Each group consisted of at least 30 larvae, and phenotypic
changes and survival rates were recorded for 4 groups during the observation period.
Phenotypic changes were assessed by touching the larvae with a brush, and larvae showing
no response within one minute were considered dead.

2.7. Methoxyfenozide Stress Experiment and Paraffin Section

To prepare the Methoxyfenozide solution (Dow AgroSciences, Zionsville, IN, USA),
we diluted the Methoxyfenozide solution in a container with a 0.1% Triton X-100 aqueous
solution to the experimental concentration. Using the leaf-dipping method, we submerged
10 fresh Aquilaria sinensis leaves in the solution for 10 s and then removed them. A 0.1%
Triton X-100 aqueous solution was used as the control. After air-drying the treated leaves
naturally, they were used to feed 30 L4 stage Heortia vitessoides Moore larvae, with each
experimental group repeated three times.

At specified time points post-treatment (12, 24, 36, 48, and 72 h), larvae samples were
collected. Additionally, larvae of Heortia vitessoides Moore raised under normal conditions
during the same period were collected as the control group. All collected samples were
rapidly frozen and stored in an ultra-low temperature freezer (—80 °C).



Insects 2024, 15, 362

6 of 19

61

181

481

541

601

2.8. Statistical Analysis

The experimental data were preliminarily analyzed using Excel software (Microsoft-
Excel 2016 MsO (16.0.8827.2131) 32bit). The relative expression levels of the target gene
were calculated using the 2724t method [35]. Subsequently, one-way analysis of variance
(ANOVA) was performed using SPSS 18.0 software (IBM, Armonk, NY, USA) to analyze
the differences among different developmental stages and tissues, followed by Tukey’s test
for post-hoc analysis. Statistical significance was considered when p < 0.05. The data are
presented as mean =+ standard error.

3. Results
3.1. Sequence Analysis of HvCP3L and Phylogenetic Analysis

The gene sequence was retrieved through transcriptome analysis. The complete
sequence of the CP3L gene, named HvCP3L (GenBank accession number: PP468568), was
obtained through homology search using BLAST on the NCBI website. The sequence
is 628 bp in length, with an open reading frame (ORF) of 513 bp, encoding 170 amino
acids. CD-search on NCBI revealed that the amino acid sequence of HvCP3L contains
the conserved domain Chitin Bind 4. Chitin Bind 4 is a chitin-binding domain of the
chitin-binding superfamily found in arthropod cuticular proteins, indicating that HvCP3L

belongs to the insect cuticular protein CPR family (Figure 1).

CTCCGACCCAGCACAACACACATTCACAAAATGATGAAGCTGTTCCTGATCTCCGCCCTC

M MZKTLTFTLTISATL
TTCGGCATCGCCGCCGCCGGTTACGAAGCCTACCCTGAGCAGTCGAACCGCCCACAGGCT
F GIAAAGT YEAYPEGQSNT RTPRQ QA
TCCTTCGAGAAGAACGCGAGGATCCTCGCACTGGACTCTGACGTAAAGGAAGACTCTTTIC
S FEKNARILALUDS STDVE KTETDSF
AGATACAACTATGAGACCGAGAATGGAATCAAGGCTGAGGAGCAGGGTCATGAGGCTGAC
RYNTYETENGIEKAETEQGHEAD
GGTATCGAGGCTCAGGGTGGCTTCCAATACACCGGTGATGACGGTCAGGTGTACTCAATC
GIEAQGGFQYTGDDG QUVYS]I
AGCTACGCTGCTGGCCAGGGAGGCTTCCAACCCCAGGGCGCCCACCTCCCCACCGCTCCC
S YAAGQGGT FQPQGAHTLTPTATP
CCCACCCCTGAGGCAATCTTAAAGGCTCTGGAACAGAACGCCGCTGATGAGGCCGCCCGGC
PTPEAILZ KALTEG QNAADTEA AAG
ATCATCGATGATGGTCAATACAACCCCGGCAAATACGGCGATGCCAACCCTGGATTICGGT
I I DDGQYNPGIEKTYGDANTPGTFG
GGACAGCAGCAGTACGCGCGCGCGCAAGCCTCCGCCGGGTACAGACAGCCCTACAAATAC

G QQ QYARAQASAGYROQPYZIKTY
TAAGCACTCAC CATAAACTAGACTTATTACCGTACAGAATAAGGTGGTTATTACCGTGGC
*

TATGTTGGTTGAGTATTTITATATTGCAG

Figure 1. The amino acid sequence of HvCP3L from Heortia vitessoides Moore. The start codon and
the termination codon are marked with underlined, conserved regions are marked with gray shading,

R

Representing termination codons.

Using the ExPASyProtParam (http://web.expasy.org/protparam (accessed on 12
June 2023)) tool, the theoretical molecular weight of the protein encoded by the gene
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was predicted to be 18.30 kDa, with a predicted isoelectric point of 4.48. It contains
23 negatively charged amino acid residues (Asp and Glu) and 12 positively charged amino
acid residues (Arg and Lys). Analysis using NetNGlyc 1.0 Server showed that HvCP3L lacks
transmembrane domains and potential N-glycosylation sites. Prediction using the Jpred
online tool revealed that the amino acid sequence of HvCP3L contains two helical structures,
with the remaining parts alternating between {3-sheets and random coils. Previous studies
have suggested that the conserved regions of insect cuticular proteins may be rich in
[-sheets (Figure 2). Consistent with this, our prediction for the secondary structure of
HvCP3L revealed frequent occurrence of 3-sheets in the conserved region. Furthermore, we
analyzed the amino acid sequence of HvCP3L using the insect cuticular protein database
(http:/ /aias.biol.uoa.gr/CutProtFam-Pred /search.php (accessed on 3 August 2023)), which
indicated that HvCP3L belongs to the RR-1 type cuticular protein. We downloaded amino
acid sequences of CP3L from five insects (Helicoverpa zea, Achroia grisella, Galleria mellonella,
Ostrinia furnacalis, and Vanessa cardui) from GenBank. The similarity values of these insect
CP3L sequences to HvCP3L were found to be 77.20%, 90.64%, 92.98%, 86.71%, and 78.61%,
respectively (Figure 3). To understand the relationship between CP3L genes and different
insects, we constructed a phylogenetic tree using CP3L genes from Lepidoptera, Coleoptera,
Hymenoptera, Hemiptera, Orthoptera, and Diptera. The results showed that HvCP3L
clustered with other Lepidoptera insects, such as Trichoplusia ni and Vanessa tameamea
(Figure 4).

‘ confidence of predictior

Figure 2. Secondary structure prediction of HvCP3L.

3.2. Stage-Specific and Tissue-Specific Expression Patterns of HvCP3L

We used the RT-qPCR method to investigate the relative expression pattern of HvCP3L
in different developmental stages and tissues of Heortia vitessoides Moore. Our results re-
vealed that HvCP3L expression was detected from larval to adult stages of Heortia vitessoides
Moore. Specifically, during the larval stages, HvCP3L showed higher expression levels at
L1, L2, and L5D1 stages, with significantly elevated expression at the L5D1 stage, reaching
70 times higher than that at the L1 stage. Moreover, HvCP3L expression was also higher
during the pre-pupal stage compared to the pupal stage. In the adult stage, expression at the
A3 stage was higher than that at the Al stage. Analysis of expression levels in six different
larval tissues, including the head, epidermis, foregut, midgut, hindgut, and fat body, re-
vealed significant differences in HvCP3L expression among tissues (Figure 5). Particularly,
the highest expression was observed in the larval head, while expression in the foregut and
hindgut was relatively weak, and almost absent in the midgut (Figure 6). In adult tissues,
HvCP3L expression was significantly higher in the head and wings compared to other
tissues, with the head exhibiting the highest expression. Additionally, expression levels in
the female abdomen were slightly higher than those in the male abdomen, suggesting a
potential involvement of HvCP3L in female reproductive development (Figure 7).
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Consensusgkyg a

Figure 3. Sequence alignment of HvCP3L with insect homologs. The amino acid residues thatare
identical in all sequences are marked with dark shading, whereas light shading indicates thatat least
75% amino acids are identical in all sequences. The aligned sequences are the predictedThe aligned
sequences are the predicted amino acid sequences of CP3L from Heortia vitessoides Moore (HvCP3L
WWZ69572.1), Helicoverpa zea (HzCP3L XP_047031077.1), Achroia grisella (XP_059057921.1), Gal-
leria mellonella (XP_026763387.1), Ostrinia furnacalis (OfCP3LXP_028179309.1), Vanessa cardui
(VcCP3L XP_046970535.1).

3.3. Silencing of HvCP3L via RNAi

We injected dsHvCP3L into L4 larvae and studied the RNAi-mediated silencing of
HvCP3L expression levels using RT-qPCR (Figure 8). The results indicated that dsHvCP3L
effectively silenced the target gene, with HvCP3L expression levels lower than the control
group at 12, 24, 36, 48, and 72 h post dsRNA injection. At 36 h post-injection, HvCP3L ex-
pression was downregulated to 27% of the control group, indicating the highest interference
efficiency at this time point.
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Figure 4. Phylogenetic analysis of HvCP3L. The predicted amino acid sequences of HvCP3L to-
gether with 19 selected CP members were aligned, and a phylogenetic tree was constructed us-
ing MEGA?7. The CP3L of Heortia vitessoides Moore marked with red underline. GenBank ac-
cession numbers are as follows:Trichoplusia ni CP3L (XP_026739799.1); Heortia vitessoides CP3L
(WWZ69572.1); Vanessa tameamea CP3L (XP_047536305.1); Zerene cesonia CP3L (XP_038211198.1);
Papilio xuthus CP3L (NP_001298774.1); Bombyx mandarina CP3L (XP_028038894.1); Vanessa ata-
lanta CP3L (XP_047536305.1); Spodoptera frugiperda CP3L (XP_035435189.1); Homalodisca vit-
ripennis CP3L (XP_046667001.1); Bemisia tabaci CP3L (XP_018897328.1); Trichogramma pretiosum
CP3L(XP_023316065.1); Leptopilina heterotoma CP3L (XP_043472504.1); Anoplophora glabripen-
nis CP3L (XP_018564028.1); Sitophilus oryzae CP3L (XP_030751496.1); Diabrotica virgifera CP3L
(XP_050501233.1); Schistocerca nitens CP16.5L (XP_049811031.1); Schistocerca serialis CP21.3L
(XP_049952148.1); Hermetia illucens CP21.3L (XP_037907580.1); Topomyia yanbarensis CP21.3L
(XP_058835519.1); Malaya genurostris CP21.3L (XP_058461337.1).

3.4. The Effect of RNAi Silencing HvCP3L on Chitin Synthesis Pathway

We collected samples of larvae after dsHvCP3L injection and used RT-qPCR technology
to detect the relative transcription levels of chitin pathway genes. We found that knocking
down HvCP3L could affect other genes in the chitin signaling pathway of Heortia vitessoides
Moore (Figure 9). The expression patterns of most chitin pathway genes showed a similar
trend to that of HvCP3L, with expression initially decreasing after knockdown and then
gradually increasing. Within the first 36 h post dsHvCP3L injection, except for the HK gene,
which showed a sudden increase in expression to 1.4 times that of the control group at 36 h,
the expression levels of the other chitin pathway genes were suppressed. The expression
levels of TRE and GNA genes were similar to HvCP3L, reaching their lowest point at 36
h, while the expression levels of CHT, GPI, CHSA, CHSB, UAP, and GFAT genes reached
their lowest point at 24 h, earlier than the changes in HvCP3L expression. Interestingly,
except for the HK gene, which showed a decrease in expression to 0.8 times that of the
control group at 48 h, the expression levels of other genes started to increase at 48 h, and
even significantly exceeded those of the control group.
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Figure 5. Relative expression levels of HvCP3L at different stages: L1-L4, first-to fourth-instar larvae;
L5D1-L5D4, 1-to-4-day fifth-instar larvae; PP, pre-pupae; P1-P3, 1-to-3-day-old pupae; Al, 1-day-old
adults; A3, 3-day-old adults. Error bars represent mean =+ standard error of three biological replicates.
Different letters above error bars indicate significant differences (p < 0.05) based on one-way ANOVA
and Tukey’s test.
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Figure 6. Relative expression levels of HvCP3L in different larval tissues (tissue anatomy for the

fifth-instar larvae). Relative expression in larval tissues: HD, head; EP, epidermis; FG, foregut; MG,
midgut; HG, hindgut; and FB, fat body. Error bars represent mean =+ standard error of three biological
replicates Different letters above error bars indicate significant differences (p < 0.05), which were
based on one-way analysis of variance (ANOVA) and Tukey’s test.
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Figure 8. Changes in mRNA level after treatment with specific RNA interference. Relative transcript
levels of HvCP3L in L4 larvae after injection with dsHvCP3L at a concentration of 5.0 ug/uL for 12,
24, 36, 48, 72 h. The sample size was 120 larvae, which were divided into three biological replicates.
Error bars represent mean + standard error of three biological replicates. * p < 0.05, ** p < 0.01.
Analysis was performed via one-way analysis of variance (ANOVA), followed by Student’s -test.
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Figure 9. The changes in chitin pathway level after RNA interference of HvCP3L gene. Error bars

represent mean + standard error of three biological replicates. Different letters above error bars

indicate significant differences (*p < 0.05, ** p < 0.01), which were based on one-way analysis of
variance (ANOVA) and Tukey’s test.

3.5. The Phenotypic Analysis and Survival Assay after RNAi

After successfully silencing HvCP3L, we compared it with the dsGFP and DECP
injection groups. The results showed that individuals injected with dsHvCP3L exhib-
ited extremely high mortality rates and developmental abnormalities. The survival rate
from larvae to adults was only 17.7%, significantly lower than that of the control group

(Figure 10).
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Figure 10. Analysis after interference with HvCP3L and methoxyfenozide treatment. (A) Effects of
HvCP3L RNAI on larval-to-pupal and pupal-to-adult transition rates. Rates of insect survival from
fifth-instar larval stage to adulthood after dsHvCP3L injection (* p < 0.05, Kaplan-Meier survival anal-
ysis with log-rank test). Data are the mean =+ standard error of three biological repeats. (B) Phenotypic
abnormalities caused by RNAI interference with HvCP3L and methoxyfenozide treatment.

3.6. Effects of Methoxyfenozide on HvCP3L and Phenotype

In the stress experiment with L4 Heortia vitessoides Moore using methoxyfenozide, we
observed that, 12 h later, the expression level of the HvCP3L gene was downregulated
to 38.7%. However, at 24 h and 36 h, the expression levels of HvCP3L were 158-fold and
120-fold higher than the control group, respectively, significantly higher than the control
group, and most larvae died during the entire period. At 48 h and 72 h, the relative
expression levels of HvCP3L remained 4.8-fold and 6.8-fold higher than the control group,
respectively (Figure 11).
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Figure 11. Changes in mRNA level after treatment with methoxyfenozide. The CK indicated that the
experimental control was fed without methoxyfenozide. Error bars represent mean =+ standard error
of three biological replicates. * p < 0.05, ** p < 0.01. Analysis was performed via one-way analysis of
variance (ANOVA), followed by Student’s ¢-test.

After methoxyfenozide treatment, noticeable darkening and wrinkling of the cuticle
were observed in L4 Heortia vitessoides Moore larvae.

4. Discussion

Insect cuticular proteins play crucial roles in the growth and development of in-
sects. Serving as major components of insect cuticles, they are vital for the formation and
development of insect epidermis [36]. The cross-linking interactions between different
types of cuticular proteins confer distinct physicochemical properties to the insect cuticle,
thereby influencing the process of insect resistance formation [37,38]. In this study, we
successfully identified a cuticular protein 3-like gene (HvCP3L) from the existing tran-
scriptome of Heortia vitessoides Moore. In amino acid sequence analysis, HvCP3L encodes
a protein sequence with high similarity to CP3L in Lepidoptera. It exhibits the highest
homology with Galleria mellonells GmCP3L, reaching 92.98%. The phylogenetic tree con-
structed using amino acid sequences demonstrates that HvCP3L is most closely related to
other Lepidopteran insects, showing lower homology with CP3L from Coleoptera, Diptera,
Hemiptera, and Hymenoptera.

The formation and differentiation of the insect cuticle commence in the egg and
are completed during each molting cycle, involving the dissolution of the old cuticle
and the construction of a new one, a process that spans the entire insect’s lifecycle. In
studies of cuticular protein genes in Heliothis armigera, SgLCP17 and SgAbd5 exhibit higher
expression levels during the larval stage, while expression is nearly absent in adults and
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pupae. Additionally, the expression level of the SgLCP17 gene significantly increases
in the late fourth instar and reaches its highest level during the pre-pupal stage [39]. In
Anopheles gambiae, four CPF and one CPFL cuticular protein genes exhibit higher expression
levels before pupation and eclosion, while other CPFL2-7 genes are highly expressed during
the larval period [15]. We found that the HvCP3L gene is expressed at various larval stages
of Heortia vitessoides Moore and shows a certain degree of periodicity. Expression is higher
in early larvae (L1, L2), significantly lower in L3 compared to the previous two instars, but
gradually increases thereafter. Expression is significantly higher at L5D1 than at other larval
stages, but decreases significantly at L5D2, followed by an increase until the pre-pupal
stage (PP), similar to the expression pattern in L3. This finding is similar to the expression
pattern of LmAbd-2 in Locusta migratoria cuticular protein research, which shows periodic
high expression during cuticle formation at various larval stages [40]. The periodic changes
in HvCP3L gene expression mainly occur between the immediate post-molt of L4 and
L5D1, possibly due to changes in insect hormone titers involved in the formation and
development of the Heortia vitessoides Moore cuticle.

The expression of cuticular protein genes also exhibits tissue specificity. In the R&R
type cuticular proteins, the CPR family can be divided into three subfamilies based on
differences in the type and location of the cornified layer. Members of the RR-1 subfamily
are mainly highly expressed in less cornified epidermis, while RR-2 subfamily members
are mainly expressed in highly cornified epidermis, and RR-3 subfamily members may be
involved in the formation of new cuticle after molting. In Anopheles gambiae, CPR family
RR-1 and RR-2 subfamily members are localized in the cuticle, and RR-1 subfamily cuticular
proteins such as AmCPR12, AmCPR13, AmCPR22, AmCPR61, AmCPR133, and AmCPR153
are found in the soft intersegmental membranes of fourth instar larvae. AmCPRY75 is found
in the intersegmental membranes of adults. RR-2 subfamily cuticular proteins are found in
the original cuticle layer of pupae and the hardened cuticle of adult legs [41]. In Apis cerana,
the AccCPR2 gene is highly expressed in the cuticle, thorax, wings, and legs, and high
expression of AccCPR2 is also observed in honeybee stings [42]. We found that, although
the HvCP3L gene belongs to the RR-1 subfamily, its expression in hard tissues is higher
than in soft tissues. Expression in the larval head is significantly higher than in the cuticle.
Moreover, expression in the head and wings of adults is higher than in other adult tissues,
which differs from the results of studies in Anopheles gambiae [43]. However, in the study
of cuticular proteins in Cydia pomonella, RR-1 subfamily genes are also present in small
amounts in hard tissues, such as the hardened antennae of adults [44]. We speculate that
HvCP3L may be associated with other RR-2 subfamily genes during the molting process,
but further research is needed.

Previous studies have demonstrated the significant role of cuticular protein genes in
cuticle development, and their knockdown can lead to abnormal insect phenotypes and
increased mortality rates. In research on Blattella germanica, silencing of BgCPLCP1 resulted
in a notable increase in wing defects in adults, potentially allowing insecticides to penetrate
the exposed wax layer of the cuticle, leading to higher mortality rates and decreased eco-
logical adaptability [45]. Interference with cuticular protein Cpr21L in Nilaparvata lugens
nymphs led to a high mortality rate and significantly affected testis development, severely
impairing the reproductive capacity of male adults [46]. In this study, we injected 1 pL of
dsRNA at a concentration of 5 ug/uL into L4 larvae. The results showed that the relative
expression level of RNAIi reached its lowest point 36 h after dsHvCP3L injection, after
which it began to increase. This indicates that RNAi has the expected effect of inhibiting
HvCP3L expression. Upon silencing the HvCP3L gene, we observed shortened body length
and yellowing or darkening of the cuticle in treated larvae. Some larvae exhibited molting
abnormalities, leading to premature death before pupation, and, during the pupal stage,
malformed pupae and inability to molt the head capsule were observed. Similar pupal
deformities were found in Drosophila melanogaster, where the DmCPAP3-E gene regulates
chitin arrangement; lack of CPAP3-E function results in abnormal metamorphosis of the
cuticle, with the cuticle becoming branched [47]. Furthermore, microscopic observations



Insects 2024, 15, 362

16 of 19

References

revealed that knockdown of the HvCP3L gene resulted in a decrease in the thickness of
the larval abdominal cuticle, disorganized arrangement of epidermal cells, and separa-
tion between the cuticle and epidermal cells. We speculate that the HvCP3L gene may
be involved in the formation of the larval cuticle structure, but further investigation is
needed to elucidate the underlying mechanism. Similar phenomena were observed in
Tribolium castaneum, where knockdown of TcCPR69 led to disordered cell arrangement and
increased apoptotic cells in the newly formed adult abdominal cuticle [48].

In a study on Nilaparvata lugens, it was found that knockdown of the HK gene led to a
significant decrease in the expression of chitin pathway-related genes [49]. In this study,
interference with HvCP3L resulted in a significant inhibition of the expression of chitin
pathway-related genes, including Tre, Hk, GPI, GFAT, GNA, UAP, CHSA, CHSB, and CHT.
When the relative expression level of HvCP3L began to increase at 72 h, the expression
levels of chitin metabolism pathway genes significantly increased. We speculate that this
might be due to compensatory increases in gene expression levels after chitin synthesis
was inhibited. Among these genes, the expression patterns of HK and UAP differed from
the others. In Diaphorina citri, after oral administration of dsDcHK, the expression level
of dsDcHK was lowest at 48 h and sharply increased at 72 h. The expression pattern
of HVUAP was similar to that of Diaphorina citri. After inhibition of HvHK expression,
HvUAP expression sharply increased at 48 h [50].

Methoxyfenozide acts as an antagonist to insect ecdysteroids, competing with en-
dogenous 20-hydroxyecdysone (20E) for binding to ecdysone receptors, thereby disrupting
the normal expression of downstream genes in the 20E pathway and hindering insect
molting. Studies on Heliothis armigera have demonstrated that methoxyfenozide inhibits
molting and reduces ecdysteroid titers [51]. In our study, after treating L4 Heortia vitessoides
Moore larvae with methoxyfenozide, we observed significant darkening and wrinkling of
the larval cuticle. Additionally, microscopic observations revealed detachment between
the larval epidermis and the cuticle, disrupting the formation of the new cuticle during
molting. Similar effects have been observed in Spodoptera litura, where methoxyfenozide
treatment significantly prolongs larval and pupal development, inhibits chitin synthesis,
leads to the failure of new cuticle formation, disrupts molting, and ultimately results in
larval mortality [52,53].

Furthermore, we noticed a significant upregulation of HvCP3L expression levels 24 h
after methoxyfenozide treatment, surpassing those in the control group. This phenomenon
closely resembles findings in Apis mellifera and Apis cerana, where high concentrations
of molting hormones stimulate the expression of cuticular protein genes. Conversely,
during the late stages of molting when ecdysteroid concentrations decline, the expression
of cuticular protein genes such as AmelCPR14 and AccCPR1 begins to increase [54,55].
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